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capacitive membrane microwave switching device is described.
The switching element consists of a thin metallic membrane,
which has two states, actuated or unactuated, depending on the
applied bias. A microwave signal is switched on and off when Ground |
the membrane is switched between the two states. These switches
have a switching on speed of less than ps and a switching off

speed of less than 4s. The switching voltage is about 50 V. The

switches have a bowtie shape and showed low insertion loss of
0.14 dB at 20 GHz and 0.25 dB at 35 GHz, and isolation of 24 _ .
dB at 20 GHz and 35 dB at 35 GHz. These devices offer the Dielectric
potential for building a new generation of low-loss high-linearity
microwave circuits for a variety of phased antenna arrays for
radar and communications applications. [324] j
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Abstract—The design and fabrication of a micromechanical A
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9 Fig. 1. Schematic of top view of a shunt micromechanical switch.

|. INTRODUCTION current density limitations. Third, electrostatic operation of the

EVELOPMENTS in MEMS technology have mademechanical motion of the RF MEMS devices requires negligi-
Dpossible the design and fabrication of control devicdde quiescent current consumption. Typical switching energy
suitable for switching microwave signals. Micromechanica$ approximately 10 nJ. The main limitation of these switches
switches were first demonstrated in 1979 [1] as electris- their switching speed. Microsecond switching precludes
statically actuated cantilever switches used to switch lowheir use in high-speed applications such as transmit/receive
frequency electrical signals. Since then, these switches hawgtching. However, these speeds are more than sufficient for
demonstrated useful performance at microwave frequencieyariety of applications including beam steering in phased
using cantilever [2], [3], rotary [4], and membrane topologieantenna arrays. This paper describes significant improvements
[5], [6]. These switches have shown that moving met# the design of metal membrane switches which operate with
contacts possess low parasitics at microwave frequencignificantly reduced losses, increased operating frequencies,
(due to their small size) and are amenable to achieving I@md improved switching speeds over previously reported work
on-resistance (resistive switching) or high on-capacitanfd, [6].
(capacitive switching).

Micromechanical membrane switches have several advan- Il. CAPACITIVE MEMBRANE SWITCH OPERATION

tages compared to FET or p-i-n diode switches. Eliminating theqyical micromechanical switches utilize the mechanical

use of semiconductor p-n and metal-semiconductor junctiof§nnection of two metallic surfaces to actuate a low resistance
in radio frequency (RF) devices serves three very usefilnnection. However, in micromechanical switches, the forces
functions. First, the contact and spreading resistance associgediction and microwelding are commensurate with the
with ohmic contacts are eliminated, significantly reducing tr}%storing force of the switch. As a result, these switches
resistive losses in the device. Instead, high conductivity filnpﬁay operate unreliably or be subject to premature failure.
are used to fabricate metal structures that carry RF (_:urreqrﬁe switches described in this paper have been designed to
with ultra-low losses. Second, the removal BV nonlin-  gjgpificantly reduce stiction and eliminate microwelding by

earities associated with semiconductor junctions significanggmacing the metal-to-metal ohmic contact with a capacitive
improves the distortion characteristics and power handling of ynection.

the RF MEMS devices. RF MEMS switches exhibit N0 mea- 1he geometry of a capacitive metal membrane shunt switch

surable harmonics or intermodulation distortion. Meanwhileg qescribed in this paper is shown in Fig. 1 (top view) and
the power handling of these devices is limited mostly bigig 2 (cross section). The membrane switches described in
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Membrane TABLE |
Microwave SwiTcH DevICE PERFORMANCE COMPARISON
v " Device Type Ron (ohms C. fF FOM-Cutoff
Electrode Di\ilectnc P ( : ot () Freq. (GHz)
e —— GaAs MESFET 2.3 249 280
R GaAs pHEMT 4.7 80 420
GaAs p-i-n 5.6 420 730
@ Diode
Metal Membrang 0.4 35 >9000
Capacitive

consists of coplanar waveguide (CPW) transmission lines
which have an impedance of 5Dthat matches the impedance

of the system (Fig. 1). The transmission lines are L20in

b
. . _( ) ) o width. The spacing between the ground lines and the signal
Fig. 2. Schematic of cross section A-A of the switch shown in Fig. 1: (anne is 80 um (Fig. 1)

switch up and (b) switch down. f / . .
In practical switches, the on-impedance of the switch at

high frequencies is limited by parasitic resistances contained
electrostatic force pulls the metal membrane down onto thgthin the switch. Conversely, the off-impedance of the switch
bOttom die|eCtI’iC, as ShOWﬂ in Flg 2(b) The dielectriC fllnils determined by |ts Oﬁ_capacitance. A common measure of
serves to prevent stiction between the two metallic Surfac?ﬁerformance for electronic switches is the cutoff frequency,
yet provides a low impedance path between the two contagife theoretical frequency where the ratio of off-impedance to

When the membrane is Unactuated, the air dielectric betwqﬁﬂimpedance degrades to unity_ This frequency is given by
the two contacts exhibits a very low capacitance, given by

1
o= 3
Coﬂ = ﬁ (1) f 27r-R0nC(oﬂ ( )
D a
epA | e, A where R,,,, is the effective on-resistance, aidg is the off-

state capacitance of the switch.
where Cog is the capacitance of the switch in the off state, The cutoff frequency does not represent a frequency where
ep and e are the dielectric constants of air and dielectrithe switch is operated, but merely a theoretical basis for
material usedhp is the dielectric layer thickness,, is the comparison. Table | shows the figures of merit (FOM) for
air gap between the membrane and the dielectric layer whectical electrical and micromechanical devices which operate
the switch is at the up-position, and is the overlap area gt 20 GHz.
between the bottom electrode and the membrane. For typicalnspection of this data indicates that micromechanical
switch dimensions, the off-capacitance is on the order gfvitches possess the potential for significantly improved
tens of femtofarads. When the switch is actuated, the metpérformance compared to electronic devices. The order of
dielectric-metal sandwich possesses significant capacitafgggnitude improvement in figure of merit for RF MEMS
(Con), described as switches compared to typical GaAs FET switches means that
RF MEMS switches will operate with significantly lower loss

_cp4 (2) and lower parasitics than their electronic counterparts.

C(OII -

hD )

Typical capacitance values for this position are 3—4 pF. The Ill. FABRICATION

ratio of available on-impedance to off-impedance of the switch Surface micromachining techniques were utilized to fab-
is given by the ratio of the on-capacitance to off-capacitanaicate the switches described in this paper. High resistivity
With proper design of switch geometry and material selectiofgreater than 500@2-cm) silicon wafers were used as sub-
this ratio can exceed 100, more than sufficient for switchirgjrates. Fig. 3 shows the essential process steps: 1) One
signals at microwave frequencies. micrometer of insulating thermal oxide was grown on the
The switch described in this paper was designed to &jibstrate. 2) A layer of tungsten (<Q.Bn) was sputtered and
minimize device insertion loss and 2) maximize the on/offatterned to define the electrodes. 3) A thin layer (less than
ratio of the device. The geometry of the electrode and mer2000 ,&) of dielectric (PECVD silicon nitride) is deposited
brane was chosen to minimize the through-path resistance amd patterned to insulate the electrodes. The dielectric constant
achieve an off-capacitance that can be impedance matcloédhe nitride is about 6.7. 4) A 4m-thick aluminum layer
to frequencies as high as 40 GHz. The characteristics of tlseevaporated and wet etched using a commercial aluminum
dielectric layer as well as the electrode, membrane, and gatphant to define the transmission lines and the posts for the
geometry were set to achieve an on/off capacitance ratio mémbranes. All the line widths need to be oversized by 5
100. Switch pull-down voltages, dielectric breakdown, andm to compensate for the decrease in line width due to wet
switching speeds also contribute design tradeoffs that masth. 5) A photoresist sacrificial spacer layer is spin coated and
be compromised with RF performance. The switch circuitpyatterned. 6) An aluminum alloy membrane layer is sputtered
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Fig. 4. Micrograph of a RF switch at: (a) up and (b) down positions.
" pmm——
the possibility for integration with CMOS for multifunction
assemblies.
() There are challenges in fabricating the devices. The gap

Fig. 3. Schematic illustration of process flow: (a) oxide deposition,eIectroq%etween the membrane (the top electrod(_a) and the bottom
dielectric deposition and patterning; (b) metal posts deposition and patternig§ectrode should not be too large. Otherwise the pull down
(c) spacer coating and patterning; (d) membrane deposition and patterning; goftage is too high. In order to achieve desired capacitance
(e) removal of the spacer by dry etching. ratio, 100: 1, the membrane down position capacitance needs
to be sufficiently high. Therefore, the membrane and the
and wet etched. 7) The spacer material is removed by oxygdiglectric on top of the electrode need to be in intimate
plasma etch to release the membrane. There are access hsletact. The smaller the air gap between the two surfaces,
(2 x 2 um) on the membrane to accelerate the release rdiee higher the capacitance is. There are several factors that
The total etch time is about 100 min. Fig. 4(a) and (b) shovignit the contact. One cause of increasing air gap is hillocking.
micrographs of a shunt switch in the (a) off-state and (WJillocking occurs if a low melting temperature metallic thin
on-state. film is exposed to high temperature. In our process, the
silicon nitride is deposited at 300C. When aluminum is
used as the electrode, hillocking occurs. Hillocking can be
limited by depositing a layer of metal that has high melting
The fabrication procedures described in this paper aemperature on top of the aluminum. For example, a thin layer
relatively simple. The process requires only five mask layeisf. chrome may be deposited on top of the aluminum. This
The devices can be fabricated on not only high resistivityill eliminate the hillocking of the aluminum and the surface
silicon but also sapphire and GaAs wafers. The devicemsmains smooth. To simplify the process, a high melting
can be designed with loose geometrical tolerances for hitgmperature metal is preferred. Fig. 5 shows an image from
yield processing. Using high resistivity silicon wafers allowatomic force microscopy (AFM) measurement of a smooth

IV. FABRICATION ISSUES
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Fig. 5. Atomic force microscopy image of electrode surface.

TABLE I different spacer materials, such as polyimide and photoresist.
SWITCHES' SURFACE ROUGHNESS AND THEIR ON-CAPACITANCE The aluminum alloy combined with photoresist gave the
Roughness, RMS On-capacitance (pF) lowest tensile stress.
21 21
6 3.5

V. TEST RESULTS AND DISCUSSIONS

electrode surface. The roughness RMS is about 3.1 nm. IiThe primary measure of performance for an electronic
was experimentally determined that high pressure and higlitch is insertion loss when signals are being passed and
power result in a smooth film surface. Another reason thablation when signals are being rejected. The switch shown
may diminish the intimate contact is the residue left aftéen Fig. 1 is a shunt switch to ground. When it is unactuated,
release etch. Polymer residues can also cause a sticking RF signal passes underneath the membrane with relatively
problem. The wafer temperature is controlled below 280 little attenuation. When the switch is actuated, the metal-
in the etch process. This helps minimize the residue on tbilectric-metal sandwich produces a low impedance path to
top of the dielectric and the bottom of the membrane. Thhke surrounding coplanar waveguide grounds. This prevents
roughness of the surface that is in contact with the membraihe RF signal from traversing beyond the switch.
during actuation of switches was measured using AFM. TheThis high-frequency switch possesses approximately 0.15
suspended membrane was peeled to expose dielectric fiBiof loss at 10 GHz and 0.28 dB at 35 GHz. Variability of the
surface prior to measurement. The surface roughness amelasurements was approximated§.05 dB, mainly because
the switch on-capacitance (membrane actuated position) afedifficulty in making good contact between the probes
listed in Table Il. The results indicate that the roughness hasd aluminum lines due to formation of aluminum oxide.
significant influence on the switch on-capacitance. This low insertion loss represents the ohmic losses from the
Stresses in a suspended membrane affect the operation oftle¢al conductors for the RF signal as it traverses the switch.
device. Compressive stress is undesirable since it will cauS8empared with typical FET or p-i-n diode switches, which
the membrane to buckle and alter the off capacitance in thave insertion loss about 1 dB [7], [8], the micromechanical
unactuated state. High tensile stress is also undesirable sisw@iches have significant advantages. For a system, such as
it will increase the pull-down voltage. The optimum situatiom time-delay phase shifter, that may require many switches,
is low tensile stress. There was no method available to the total loss is significantly lower when mechanical switches
to measure the residual stress in the suspended membrane.utilized.
Therefore, the membrane stress as deposited on an unpatterndticromechanical switches possess an excellent impedance
spacer layer (on a blank wafer) was determined by measurimgtch to 50 with better than 15-dB return loss even up to 40
the radius of curvature of the wafer. The assumption was ma@elz (unactuated state). This is due to the low off-capacitance
that the calculated membrane stress would correlate with thigthis switch, which is on the order of 25-50 fF. The insertion
residual stress in the suspended membrane. The membiase and return loss as a function of frequency are shown in
stress depends on the deposition conditions, the spacer fig- 6. The isolation and return loss of the switch in the on-
terial, and the membrane material. The stress was controlktdte (actuated) is shown in Fig. 7. The isolation of the switch
at less than 120 MPa by adjusting the power, pressure, aadapproximately 15 dB at 10 GHz and 35 dB at 35 GHz,
the flow rate of argon. We have experimented with differemthich are sufficient for switching RF signals.
membrane materials, such as an aluminum/silicon/aluminumThe turn-on and turn-off switching waveforms for the
sandwich, tungsten, and aluminum alloy. We have also usembrane switch are shown in Fig. 8. The measured switching
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Fig. 8. Switching speed measurement results.

(4]
Q

0 10

20 40 50
Frequency (GHz) 5 KHz. The membrane went through 500 million switching
Fig._ 7 Switch isolation and return loss as a function of frequency (dovmjydes and no mechanical failures were detected.
position). The actuation voltage of the capacitive switches is about
50 V. The actuation voltage depends primarily on the spring
actuation time is about 5.8s, while the measured switchingconstant of the mechanical system of the membrane. The
up time is 3.5us. It should be noted that these waveformgiechanical position of the membrane is determined by the
were taken without any dielectric charging present. Wheapplied voltage, the membrane geometry, the membrane ma-
actuating switches on and off, it is possible for the higterial properties, and the gap height between the membrane and
electric field across the thin dielectric to cause charges te bottom electrode. A first-order solution of the pull-down
tunnel into the dielectric and become trapped. These charye§age ¥}) can be calculated by the following equation [9]:
screen the applied electric field, causing the switches to need

3
higher switching voltages and to have difficulties switching Vy = 8‘;(7590 4)
using unipolar dc control voltages. Techniques to mitigate this €
Charging are an area of ongoing research. where K, is the spring constant of the mechanical system,

To accurately evaluate switching speed, a nonlinear dynangic is the initial gap between two capacitor plates, and
model that captures the effects of electrostatics, deformatidt,the permittivity of medium surrounding the conductors.
residual stress, inertia, damping, Van der Waals force, impatfis single degree freedom model only gives a first-order
contact, and air dynamics is essential. There is neither a closBegdiction of pull-down voltage. An improved 2-D model also
form solution nor a simulation tool for MEMS dynamics af'as its limitations [10]. The dimen'sions of membrane switch
present. As a first-order approximation, the switching speggscribed in this paper do not satisfy the requirements set by
of these devices is determined by the mechanical primdf}jS model. Therefore, the pull-down voltage was computed
natural frequency of the devices. Finite-element analyses usiy"d @ full 3-D numerical simulation commercial software
ABAQUS [12] show that the primary frequencies of these dél1]- With a Young’s modulus of 70 MPa for bulk aluminum,
vices ranged from 56 to 150 kHz depending on the magnituﬁeres'dual stress in the membrane of' 1ZQ MPa, the estimated
of residual stresses. A rule of thumb for switching speed is tI"BH"'dOW” voltage is about 56 V, which is close to the test
the switches will change state (between up and down) in 1r,glsults.
of a cycle of the primary frequency. This puts the switching
speed (up or down) in the 1.67—45 range. VI. CONCLUSIONS

Switch lifetime was tested by the application of a continuous Micromechanical membrane switches for microwave appli-
train of control pulses at repetition rates between 500 Hz andtions were designed, fabricated, and tested. The switches



134 IEEE JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 8, NO. 2, JUNE 1999

show excellent results: low loss and high isolation in the fre
guency range of 10-35 GHz. These switches have significi
advantages compared to typical FET and p-i-n diode switct
and other MEMS switch topologies. These devices offer tt
potential for building a new generation of low loss high
linearity microwave circuits for a variety of phased antenr
arrays for radar and communications applications.
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